The literature regarding the blood-brain bar rier (BBB) transport of butanol is conflicting as studies report both incomplete and complete extraction of bu tanol by the brain. In this work the BBB transport of both [14C]butanol and [3H]water was studied using the carotid injection technique in conscious and in ketamine or pentobarbital-anesthetized rats employing N-iso propyl-p-[125Ijiodoamphetamine ([125I]IMP) as the internal reference and as a fluid microsphere. The three isotopes eH, 1251, 14C) were conveniently counted simultaneously in a liquid scintillation spectrometer. IMP is essentially completely sequestered by the brain for at least I min in conscious rats and for 2 min in anesthetized animals. Bu tanol extraction by rat forebrain is not flow limited but ranges between 77 ± I and 87 ± I % for the three con ditions. The incomplete extraction of butanol by the fore brain is due to diffusion restriction of butanol clearance Abbreviations used: BBB, blood-brain barrier; BUI, brain up take index; IMP, N-isopropyl-p-iodoamphetamine; PS, perme ability-sUiface area product.
The transport of butanol through the brain cap illary wall, i. e., the blood-brain barrier (BBB), is generally regarded as being complete and flow lim ited at physiologic rates of cerebral blood flow (Raiche et aI. , 1976; Gjedde et aI. , 1980; Van Uitert et aI. , 1981) . However, the complete clearance of butanol by the brain has not been observed in all studies. Goldman et al. (1980) reported the maximal extraction of butanol to be �80% for the rat brain hemisphere. Moreover, previous studies of the BBB transport of the highly lipid-soluble compound [3H]progesterone relative to [14C]butanol reported brain uptake index (BUI) values of 164 ± 12 and in some regions (frontal cortex, colliculi) but not in others (caudate, hippocampus, olfactory bulb). The perme ability-surface area product/cerebral blood flow ratio of butanol and water in rat forebrain remains relatively con stant, 1.7 ± 0.2 and 1.0 ± 0.1, respectively, despite a twofold increase in cerebral blood flow in conscious rel ative to pentobarbital-anesthetized rats. The absence of an inverse relationship between flow and butanol or water extraction is consistent with capillary recruitment being the principal mechanism underlying changes in cerebral blood flow in anesthesia. The diffusion restriction of BBB transport of butanol in some regions, but not in others, necessitates a careful regional analysis of BBB perme ability to butanol prior to usage of this compound as a cerebral blood flow marker. Key Words: Blood-brain barrier-Capillary physiology-Cerebral blood flow. 153 ± 7%, respectively, for the frontal cortex and for the colliculi in the pentobarbital-anesthetized rat (Pardridge and Mietus, 1979) . Thus, the extraction for butanol at 15 s under these conditions is �6 1-65%. These values are too low to reconcile with the assumption of flow-limited butanol clearance. Since the rate constant of butanol efflux from brain is 0.67 min -I (Pard ridge et al., 1980) in the pentobarbital anesthetized rat, the butanol extraction at IS s should approximate 85%.
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The issue of the BBB transport of [14C]butanol might be best addressed by the simultaneous mea surement of the brain clearance of [14C]butanol and another highly diffusible compound that is pre sumed to be essentially 100% cleared by brain. Such a compound is N-isopropyl-p-[1251]iodoam phetamine ([125] IMP), which has been shown to act in brain as a fluid microsphere (Winchell et aI. , 1980; Kuhl et aI., 1982) . Therefore, the present studies employed a triple-isotope eH. 1251, 14C) ca rotid injection technique to simultaneously measure the BBB transport of [3H]water, [125]IMP, and [14C]butanol. The fluid microsphere properties re quired of [125I]lMP are complete clearance through the BBB and complete sequestration of the com pound by brain during the period following carotid injection.
METHODS

Materials
Isotopes were obtained from New England Nuclear Corporation (Boston, MA, U.S.A.). The specific activi ties were n-[ 1-14C]butcmol 1.1 fLCi! fLmol, [125I]iodine 2 mCi/nmol, and [3H1HP 1 mCi/g. Unlabeled IMP was a gift from Dr. James Lamb, Medi-Physics, Inc. (Emory ville, CA, U.S.A.).
Carotid injection technique
Carotid injections were performed in adult, male Sprague-Dawley rats (175-275 g) (Oldendorf, 1970 ). An imals were studied under three different conditions: pen tobarbital anesthesia (45 mg/kg i.p.), ketamine/xylazine anesthesia (ketamine 235 mg/kg i.m., xylazine 2.3 mg/kg i.m.), and conscious animals. Injections in conscious an imals were performed by cannulating the external carotid artery under pentobarbital anesthesia with PE-10 tubing the day prior to the experimental study using a technique recently described (Braun et aI., 1985) . Since the internal carotid artery is not directly injected in this technique, there is presumed to be no sudden increase in cerebral blood flow after the injection; in support of this is the good agreement in rates of flow determined with this catheter technique (Braun et aI., 1985) and the values reported by Sakurada et al. (1978) .
Approximately 0.2-ml vols were rapidly injected into the carotid artery. The injection solution contained [3H]water (50 fLCi/ml), [125I]IMP (10 fLCi/ml), [14C]butanol (2 fLCi/ml) mixed in 10 mM N-2-hydroxyethylpiperazine N-2-ethanesulfonic acid (pH = 7.4), and buffered Ring er's solution containing 0.1 g/lOO ml bovine albumin. The animals were decapitated at various times (0.08, 0.25, 0.50, 0.75, 1.0, and 2.0 min) after injection. The hemi sphere rostral to the midbrain and ipsilateral to the injec tion was removed from the cranium and dissolved either whole or as individual regions (frontal cortex, olfactory bulb, caudate-putamen, hippocampus, and colliculi) in 2.0 ml Soluene-350 (Packard Instrument Company. Downers Grove, IL, U.S.A.) at 50°C for 2 h. A portion of the injection solution was dissolved similarly, and both the brain and the injection solution were analyzed by triple-isotope liquid scintillation counting. In this proce dure, all three isotopes were counted in window A (0-19 keY), 1251 and 14C isotopes were counted in window B (20-79 keY), and 14C was counted in window C (80-156 ke V) of a Packard Tr i-Carb model 4530 liquid scintillation spectrometer. Equations used for computing disintegra tions per minute for the three isotopes from the counts per minute in the three windows are given in the Ap pendix. Multiple BUIs can be calculated from three-iso tope studies. In the present study, three types of BUIs were determined: the BUI of IMP relative to butanol (IMP/BUT), the BUI of water relative to butanol (HOH/ BUT), and the BUI of water relative to IMP (HOH/IMP).
Calculations
The change in brain content of the three isotopes with time is described by E(t) = [E(O)]e -k t, where E(l) is the extraction by the brain at any time after injection, E(O) is the initial or maximal extraction, k is the efflux rate con stant, and t is the time after carotid injection (Bradbury et aI., 1975) . Therefore, the change with time in the BUI of [3H]water relative to [125I]IMP is given by 
where EB UT (O) is the unidirectional extraction of [14C]butano\ clearance from blood to brain and kB is the rate constant of [14C]butanol efflux from brain to blood (min -I). If E1 M P (0) 1.0 and kl = 0, then Eq. 2a re duces to
Thus, the BUI of IMP relative to butanol should rise with time monoexponentially, and give an intercept equal to 11 EB UT (O) and a slope equal to kB. These two parameters may be used to determine cerebral blood flow (F) using the following relationship (Bradbury et aI., 1975) :
where V' is the brain-blood partition coefficient in ml/g for [14C]butanol, which is 0.8 mllg for the rat brain (Gjedde et al., 1980) . The permeability-surface area product (PS) for either water or butanol may be deter mined from the following relationship (Kety, 1951; Crone, 1963) :
(4)
Iodination of IMP
Labeling of IMP was achieved by an [125I]iodine ex change reaction using a modification of the method of Kuhl et al. (1982) . To a 13 x 100 Pyrex screw-capped tube was added 100 fLl of 2% IMP in glacial acetic acid (2 mg IMP), 10 fLl of 0.3% CuS0 4 in water, and 4 fLl of [125I]iodine in 0.1 N NaOH (2 mCi, 1 nmo\). The capped tube was placed in a 150°C oil bath for 30 min (only the bottom centimeter of the tube was placed in the oil). After the exchange reaction, 2 ml water and 2 ml diethylether were added sequentially, followed by 10 N NaOH to make the pH > 10. This mixture was vortexed for 2 min and the ether layer was removed. The ether extraction was repeated and the combined extracts were evaporated to dryness. The pellet was dissolved in 0.5 ml 0.3 N HCI, neutralized by 0.5 ml 0.3 N NaOH, and stored at -20°C. Approximately 50% yields in the exchange reactions were achieved. The isotope had a specific activity of � 150 JLCi/ JLmol, and was 95-98% radiochemically pure as judged by thin-layer chromatography on silica gel G-plates using one of two different solvent systems: ethyl acetate/meth anol/water/ammonia, 86: 10: 3: I; or chloroform/methanol/ acetic acid, 85:15: 1. The Rfvalues for [125I]IMP for these two systems were 0.75 and 0.37, respectively, and the Rf for [125IJiodine was zero for both of these systems.
Data analysis
Regression analyses were performed with subroutine P3R of the BMDP programs (Dixon, 1981) to yield the slopes, intercepts, and standard errors of the linear regression plots. Statistical differences were judged to be <0.05 using Student's t test.
RESULTS
Using the windows described in Methods, the ef ficiencies of counting the three isotopes for a typi cally quenched brain sample were as follows:
The e251]IMP radioactivity in terms of dpm/g brain as a percentage of the injected dose is shown in Ta ble 1 for time points up to 2 min after carotid injection. These data indicate that there was no sig nificant washout of the IMP for at least 2 min after carotid injection in the anesthetized rats and for at least 1 min in the conscious animals. Data not shown indicated that circulation times beyond 2 min resulted in a decay of brain IMP radioactivity owing to washout of the IMP from brain. A maximal amount of IMP in brain for the three conditions followed the rank order of conscious> ketamine > pentobarbital ( Table 1) , and these IMP contents were proportional to the rate of cerebral blood flow for each of the three conditions. These results are in agreement with those of Lear et al. (1982) .
The BUI data for the three conditions are given in Ta ble 2 for the hemisphere analysis. The BUIs of IMP relative to butanol rose with time ( Fig. I) , con-sistent with the complete sequestration of IMP in brain for a short time period and the rapid washout of butanol from brain. Similarly, the BUI of water relative to butanol increased with time, owing to the greater permeability of the BBB to butanol rel ative to water and the faster washout of butanol. The BUI of water relative to IMP decreased with time ( Fig. 1) , owing to the washout of water from brain and the complete sequestration of IMP in brain for short time periods.
The data in Ta ble 2 were analyzed by linear regression plots, and the log natural of the BUI was plotted versus time after carotid injection. For the plot of the HOH/IMP BUI, the slope and intercept are equal to EHOH(O) and kH' respectively (see Methods). The intercept and slope of the log natural BUI (IMP/BUT) versus time are equal to lIEBUT(O) and kB, respectively (see Methods). Using these data, the rate of cerebral blood flow and the PS for water and butanol were determined, which are given in Ta ble 3. The PS for both water and butanol followed the rank order of conscious> ketamine > pentobarbital, which is proportional to the rank order of cerebral blood flow for the three condi tions.
The three sets of BUI data for the five brain re gions in conscious rats are given in Ta ble 4. The BUI data in Ta ble 4 were used to compute EHOH(O), EBUT(O), kH, and kB from the slopes and intercepts of the respective plots. The EBUT(O) for the hippo campus and the caudate was 108-109% (Table 5) , which is consistent with a complete clearance of [l4C]butanol and a 91 % extraction for [l25I]IMP in these two regions. The blood flow and the PS for water and butanol for the five regions are shown in Ta ble 5. The mean PS for HOH for the five regions shown in Ta ble 5 was 1.43 mllmin/g, which is �9% greater than the hemisphere value ( Table 3) . The PS values for butanol showed a marked regional vari ability. The caudate, olfactory bulb, and hippo campus had very high PS values for butanol be cause butanol clearance in these three regions is essentially flow limited. However, the extraction of [14C]butanol by the colliculi and by the frontal cortex was 70 ± 2 and 61 ± 2%, respectively, indicating substantial diffusion limitation for [14C]_ butanol clearance in these two organs. The butanol PS values for the frontal cortex and for the colliculi were approximately half those observed for the other regions ( Table 5 ).
DISCUSSION
The use of [125I]lMP and the triple-isotope carotid injection technique is based on the validity of at least four assumptions. First, it is assumed that the three isotopes eH, 1251, 14C) can be accurately counted in a liquid scintillation system. The com putations for conversion of counts to desintegra tions per minute are given in the Appendix. The accuracy of triple-isotope counting is dependent on an isotope excess in the rank order of 3 H > 1 2 51 > 14C. This is because all three isotopes are counted in the tritium window (window A) and two isotopes, 1251 and 14C, are counted in the 1251 window (window B). Thus, the suggested ratio for the three isotopes is 5: 1 :0. 2 for 3 H, 1251, and 14C, respectively. Second, it is assumed that IMP is a tracer that enjoys flow limited brain clearance, i.e., extraction of >98%. Previous studies by Kuhl et al. (1982) have shown that the extraction for IMP approaches the flow limited value for physiologic conditions. However, in conditions in which the plasma pH is low, e.g., respiratory acidosis, the extraction of IMP was found to be decreased (Kuhl et aI., 1982) . This is probably due to a pH effect rather than a flow lim itation of IMP clearance. Our recent studies have shown that other lipophilic amines such as propran olol and lidocaine are transported through the BBB at substantially reduced rates under the influence of acid pH (Pard ridge et al., 1984) . The data in Ta ble 5 showing that the E(O) for butanol is > 100% rela tive to IMP indicate that there may be some minor diffusion restriction in the caudate and hippo-J Cereb Blood FloII' Metabol. Vol. 5, No.2. /985 campus for IMP. That is, butanol may be 98% cleared in these two regions, and IMP may be 91% extracted. A 91 % extraction of IMP is acceptable, since this would cause an underestimation only of the extraction of [ 3 H]water of �9% for the two re gions, the caudate and the hippocampus. Third, it is assumed that IMP acts as a fluid microsphere for short periods of time after carotid injection of the isotopes. The data in Ta ble 1 support this assump tion, as do the earlier investigations of IMP re ported by Winchell et al. (1980) and Kuhl et al. (1982) . Recent studies indicate that drugs such as propranolol, lidocaine, and IMP are sequestered by the brain, not because of pH effects, but rather be cause of binding to high-capacity saturable cyto plasmic systems that exist in brain for lipophilic amines (Pardridge et aI., 1984) and for gonadal ste roid hormones (Pardridge et aI., 1980) . Such cyto plasmic binding systems are widely dispersed in or gans of the body and are most abundant in the lung (Schneck et aI., 1977) . Since the sequestration of IMP appears to be due to the presence of a cyto plasmic binding system, presumably a protein, the activity of the putative cytoplasmic binding protein will be inversely related to the ability of the brain to sequester IMP for short periods. This caveat should be borne in mind in any studies using IMP as a fluid microsphere. Our studies indicate that the lipophilic amine sequestration system in brain is less active in the newborn (Pardridge et aI., 1984) , and there may be other physiologic and pathologic conditions in which the brain amine binding system changes in its activity. For example, brain tumors may be deficient in the lipophilic amine sequestra tion system normally present in brain cells (Kuhl et aI., 1982) . Fourth, it is assumed that the amount of isotope recirculating to brain is insignificant com pared with the radioactivity in brain for at least 2 min in anesthetized and for at least 1 min in con- scious rats. The validity of this assumption has been documented in previous studies (Pardridge et aI., 1980; Braun et aI., 1985) showing the monoexpo nential washout of [14C]butanol or [ 3 H]water under the present experimental conditions. The use of IMP as the internal reference exposes the diffusion limitation of BBB transport of [14C]butanol in some, but not all, regions of brain.
The hemisphere E(O) for [14C]butanol varies from 77 ± 1 to 87 ± 1 % in the three conditions studied, where cerebral blood flow varied by 100% ( Table  3) . The incomplete extraction of [14C]butanol by the hemisphere may be attributed to the incomplete clearance of this compound in some regions, e.g., the frontal cortex and the colliculi ( Table 5 ). In these regions, the PS for butanol is <50% of the butanol PS in three other regions, i.e., the caudate, hippo campus, and olfactory bulb ( Table 5) .
If the E(O) for [14C]butanol or for [ 3 H]water is < 100%, then the E(O) should be inversely related to cerebral blood flow, if flow is altered via changes in blood flow velocity (transit time) or in capillary volume. However, if brain blood flow is increased by capillary recruitment, then no changes in E(O) are expected, since the PSIF ratio remains constant when unperfused capillaries become perfused. Such is the case for the present studies. The data in Ta ble 3 indicate the E(O) for water or butanol is relatively stable despite a twofold increase in flow, and this may be attributed to stable PSIF ratios of 1. 7 ± 0. 2 or 1.0 ± 0.1 (mean ± SE) for [14C]butanol and [ 3 H]water, respectively ( Table 3) . If blood flow is doubled primarily on the basis of capillary recruit ment as the brain switches from the pentobarbital state to the conscious state, then it would be ex pected that no more than half of brain capillaries are perfused under pentobarbital anesthesia. The studies of Weiss et al. (1982) indicate that only 50-57% of rat brain capillaries are perfused during pen tobarbital anesthesia. Thus, our data are internally consistent with those of Weiss et al. (1982) and sug gest capillary recruitment is the major mechanism by which cerebral blood flow is altered during an esthesia. As reviewed by Phelps et al. (198 1) , other investigations have also reported proportionate in creases in PS and cerebral blood flow for a variety of substances, which is consistent with a capillary recruitment model.
In summary, these studies describe the use of a tion of butanol, the results of this study corroborate the report of Goldman et al. (1980) and indicate that the extraction of butanol by the rat forebrain is not flow limited but is in the range of 77-87% ( Table  3) . The clearance of butanol by brain in species other than the rat may indeed be flow limited. How ever, the marked regional differences of BBB bu tanol transport in the rat (Table 5 ) indicate the need for (a) further studies regarding the molecular mechanism by which butanol is transported through the BBB and (b) a careful regional analysis of BBB permeability of butanol prior to the common usage of this agent as a cerebral blood flow marker (Raichle et aI., 1983) .
APPENDIX
The equations used for computing disintegrations per minute from counts per minute for three iso topes (,H, 1251, 14C) counted simultaneously In a liquid scintillation system are as follows:
(dpm -12 5 1) (cpm B) -(dpm -14C) Y 32 (cpm -A) -(dpm 14C) Y 3 1 -(dpm-1 25 1) Y 21 (dpm -3 H) = --=-----��--�:... .: :. .:. ..
---=--'------=� in the case of the olfactory bulb ( Table 5 ). In two regions, the frontal cortex and colliculi and the fore brain, the incomplete extraction of butanol pre cludes the computation of flow rates from single time points. With regard to the incomplete extrac-J Cereb Blood Flo\!' Me/ahol, Vol. 5. No.2. 1985 Yl 1 where (cpm -C), (cpm -B), and (cpm -A) equal the counts per minute in windows C, B, and A, respectively (see Methods), and y 1 1 is the counting efficiency for 3 H in window A , Y 22 is the counting efficiency for 1251 in window B, Y 33 is the counting The intercepts [E(O)] and slopes (k) were determined from linear regression plots (r = 0.91-0.99) of the brain uptake index data in Table 4 (n = 4 means ± SE of triplicates for each plot).
efficiency for 14 C in window C , Y21 is the counting efficiency for 125 1 in window A , Y31 is the counting efficiency for l 4 C in window A , Y ;2 is the counting efficiency for l 4 C in window B. The fractional counting efficiency ( Yllll) is deter mined at each sample quench value from 12 con stants , which are the slopes and intercepts of the linear quench curves for the three isotopes in three windows. The window settings eliminated detection of 3 H in window B or C and 125 1 in window C, and thus only six , not nine , standard quench curves were needed.
